Polycrystalline ferrites having the chemical formula Ni 0.65−x Zn 0.35 Mg x Fe 2 O 4 (0 x 0.2) were prepared by solid state reaction route in steps of x = 0.04. The effect of incorporation of diamagnetic divalent magnesium at expense of nickel on the structural properties of these ferrites has been studied. The proposed cation distribution was derived from theoretical X-ray diffraction intensity calculations. These intensity calculations were done by varying the concentration of magnesium ions over two sites in the lattice. For a certain amount of magnesium concentration, the calculated and observed X-ray diffraction intensities were found to be in good agreement. Site occupancy of divalent diamagnetic magnesium was established from this cation distribution. The octahedral environment facilitates magnesium to enter the B-site at about 95 % and the remaining 5 % occupy tetrahedral sites (A-sites). The movements of cations between tetrahedral and octahedral sites as a result of magnesium substitution were discussed in the view of structural parameters, such as tetrahedral and octahedral bond lengths, cation-cation and cation-anion distances, bond angles and hopping lengths, which were calculated using experimental lattice constants and oxygen parameters. All structural parameters showed slight deviations from ideal values. Among all magnesium substituted samples, the ones with x = 0.12 exhibited insignificant variation in view of structural properties. Dielectric measurements were conducted at a standard frequency of 1 kHz. Large values of the recorded dielectric constants displayed typical characteristics of bulk ferrites. Both dielectric constant and loss values showed mixed variations, attributed to the loss of zinc ions during the sintering process.
Introduction
Ferrites are magnetic ceramics, a mixture of oxides heated at elevated temperatures. These materials have vast applications in electronic and microwave devices [1] . Among several ferrite compositions Ni-Zn ferrites have considerable commercial importance due to their high magnetization and resistivity, low losses and moderate permeability [2, 3] . The structural, electric and magnetic properties not only depend on composition, but also on the distribution of cations/anions over the interstitial sites in the unit cell. The knowledge of cation distribution is vital and it should be well addressed prior to any further investigation. The substitution of any cation into the * E-mail: varaprasadbbvs@gmail.com parent ferrite system might result in the displacement of other cations between the sublattices, leading to enhancements/deteriorations in properties. These variations can be understood from the site occupancy and charge of the substituted cations. Profound and more comprehensive understanding of these properties with respect to structure facilitates their use in various applications.
Ferrites crystallize into a cubic spinel with a space group Fd3m, comprising of two sublattices, tetrahedral (A) and octahedral (B) sites. The structure consists of a cubic close-packed array of 32 oxygen ions, which forms 64 tetrahedral vacancies and 32 octahedral vacancies in one unit cell. Every unit cell contains 8 formula units (AB 2 O 4 ). The tetrahedral sites are four-fold coordinated, whereas the octahedral sites are six-fold coordinated by oxygen. Each anion is coordinated by one A-site and three B-sites. The cation to anion ratio in an ideal spinel structure is 3:4. The distribution of cations over A and B sites can vary from normal to inverse spinel. The formula can be written as (M Several researchers thoroughly investigated magnesium containing ferrite compositions [4, 5] . The site occupancy of magnesium was also discussed to some extent, but the exact amount of magnesium occupancy has not been well investigated in terms of complete structural parameters. In addition, dielectric properties of magnesium substituted Ni-Zn ferrite have not been thoroughly examined. In the present work, light is thrown on magnesium site occupancy and cation distribution is derived from X-ray diffraction data. Furthermore, the effects of diamagnetic divalent magnesium substitution on the structural parameters are discussed on the basis of cation distribution. In addition, dielectric properties are presented and discussed in brief.
Experimental
All samples were prepared by double sintering solid state reaction route. The X-ray patterns of all samples confirmed the single phase cubic spinel structure. The preparation method, sintering conditions and characterization were presented in the literature [6] . The X-ray diffraction patterns of all samples are shown in Fig. 1 .
After sintering process and prior to the measurements, the surfaces of sintered samples were polished to remove any oxide layer formed during sintering process, which would affect the conducting properties of the samples. The so obtained pellets were of 5 mm thickness and 15 mm in diameter. The polished flat surfaces of the samples were coated with a conducting air-drying silver paint and placed in an oven at 100°C for about 30 minutes to ensure good ohmic contacts for two-probe method. Dielectric studies of the samples were carried out by using LCR-Q-METER-SORTER (APLAB model 4912) at 1 KHz frequency and at room temperature. If C is the capacitance, d and A are thickness and surface area of the sample, then dielectric constant:
where ε o is the permittivity of air. The dielectric loss tangent tanδ has been calculated from the relation:
where ε is the dielectric loss.
Results and discussion

Cation distribution
The distribution of cations over the tetrahedral and octahedral sites for the present ferrite system was derived from the X-ray diffraction data, using the method which is described below. On account of the excellent contrast in atomic scattering factors of substituted Mg 2+ ions to that of replaced Ni 2+ ions, the cation distribution from the X-ray diffraction intensities gives a reliable amount of occupancy of Mg 2+ ions over the tetrahedral (A-site) and octahedral (B-site) sites. The cation distribution was given for the basic sample on the basis of tetrahedral occupancy of Zn 2+ [7] and octahedral occupancy of Ni 2+ ions [8] . Intensity calculations were performed for this distribution and a good agreement between the calculated and observed values has been achieved. The cation distribution for the basic sample is shown below. In the available literature [9, 11] , it was reported that magnesium has a strong preference for octahedral sites, thus, in case of magnesium substituted samples strong octahedral preference of magnesium is taken into account. Intensity ratios were calculated for all magnesium substituted compositions by varying the concentration of magnesium over tetrahedral and octahedral sites, i.e. up to 50 % in either site in steps of 5 %. The cation distribution with the least R-factor was considered as the best.
(Zn
While calculating theoretical intensities among all observed reflections in the X-ray diffraction patterns, (2 2 0), (4 0 0), (4 2 2) and (4 4 0) planes were considered as suitable for intensity calculations, since these are considered to be structure sensitive planes. Peaks (2 2 0) and (4 2 2) are sensitive to cations on A-site, while (4 0 0) and (4 4 0) are sensitive to cations on both sites [8, 9] . Among all available diffraction peaks, the intensity of (3 1 1) peak was taken as 100 % since the (3 1 1) peak is nearly independent of the oxygen parameter and does not change significantly with cation distribution [10] . At the end, intensity ratios of the selected reflections and the differences (R-factor) were calculated.
The intensity of a diffraction peak (h k l) was calculated from the following formula suggested by Buerger [12] :
where I hkl is the relative integrated intensity, F hkl is the structure factor, p is the multiplicity factor and L P is the Lorentz polarization factor, which is given by, L P = [(1+cos 2 θ) / sin2θ cosθ].
During calculations of theoretical X-ray diffraction intensities, the temperature factor and the Debye factors are neglected while taking the ratios of intensities [13] . Moreover, the ratios of intensities are not affected by the orientations of the sample, thus, it is justified to consider the intensity ratios rather than individual intensities [14] . Structure factors are calculated by using the following equations [13] :
where F A , F B and F o are structure factors of A-site, B-site cation and oxygen atoms. The structure factor 'F', in an analogy with atomic scattering factors, is defined as a ratio of amplitude of the wave scattered by all atoms to the amplitude scattered by free electrons for the same incident beam. The intensities of the beam diffracted from the crystal depend on the group of atoms in the unit cell and scattering power of these atoms [15] . The best possible cations distribution is chosen on the basis of minimum value of R factor:
Among all intensity ratios, three were found to be in good agreement. From these intensity ratios, for the cation distribution with 5 % of magnesium at tetrahedral sites and 95 % of magnesium at octahedral sites, the R factor achieved the minimum value. The difference in the calculated and observed intensities is due to the atomic scattering factors, which have been derived from the electron contributions of atoms at rest, i.e. at absolute zero. Since the X ray diffraction patterns were recorded at room temperature, thermal vibrations of atoms caused them to occupy a larger volume than they would at rest, which made the scattering less pronounced.
Although for all intensity ratios and all compositions minimum R-factors have been achieved, the intensity ratio I(4 0 0)/I(2 2 0) showed large R-factor. The reasons are explained on the basis of the following considerations:
(i) The presence of cations in different oxidation states (formation of Fe 2+ ions), thus, occurring of different scattering factors which are not taken into account during calculations.
(ii) Equation 3 is based on the assumption that it is applicable for the specimens having random orientations in space. However, all polycrystalline specimens show preferential orientation of the grains in a higher or lower degree.
(iii) The method implemented here, assumes an ideally imperfect crystal, however, in practice, the crystal consists of numerous parallel planes which may be nearly perfect and have low refracting power.
The calculated and observed intensities and R-factors are shown in Table 1 .
Structural parameters
Based on the available data, the cation distribution and Fe tetra /Fe Octa ratio for each sample are shown in Table 2 .
Based on the above Fe Octa /Fe tetra ratios, it is evident that more Fe 3+ ions are moving to octahedral sites with the increase in magnesium concentration at B-site. Owing to the displacement of Fe 3+ and Mg 2+ ions between the two sublattices, their ionic radii change in order to adjust for the particular sublattice. Therefore, the movement of the cations may result in the change of mean ionic radii of the sublattices. The change in the mean atomic radii of both tetrahedral (A) and octahedral (B) sublattices, definitely causes deviations in the arrangement of the nearest neighbouring ions and the interactions between them.
The mean radius of the tetrahedral site is given by:
where r Zn(A) , r Fe(A) and r Mg(A) , are the radii of zinc (0.6Å), magnesium (0.57Å) and iron (0.49Å) ions in the tetrahedral site, respectively [16] . The mean radius of the octahedral site is given by:
where r Ni(B) , r Mg(B) and r Fe(B) are the radii of nickel (0.69Å), magnesium (0.72Å) and iron (0.645Å) ions in the octahedral site, respectively [16] .
The estimated values of r A and r B are plotted against magnesium concentration and the graph is show in Fig. 2 . From the figure, it is clear that there is a slight increase in the mean ionic radius at A-site, since fewer amounts of smaller iron ions are replaced by larger magnesium ions. However, the values of the mean ionic radius at B-site increase noticeably because larger amounts of smaller nickel ions (0.69Å) are replaced by larger magnesium ions (0.72Å). Furthermore, smaller amounts of iron ions enter the B-site but the change is not significant. From the values of both r A and r B , it is obvious that there may be variation in the lattice constant, but it may not be significant, which is observed in the experimental lattice constant. Based on the proposed cation distribution, the theoretical lattice constant [17] is calculated using the relation:
where R o is the radius of oxygen ion (1.38Å).
The substitution of magnesium in the present system of samples may result in expansion/contraction of sublattices, depending on the movement of cations. Thus, the increase in the mean ionic radii of both tetrahedral and octahedral sublattices indicates that there was a slight movement of anions surrounding the cations. The movement of oxygen ions can be explained by means of oxygen positional parameter 'u'. The oxygen positional parameter can be calculated by assuming the origin at A-site or at B-site. Since A-site cation belongs to 43m symmetry group, the u parameter, measured by considering the origin at A-site, is denoted by u 43m . Since, the B-site cation belongs to 3m symmetry group, the 'u' parameter measured by considering the origin at B-site, is denoted by u 3m .
In the present series of samples, the oxygen positional parameter 'u' has been measured by assuming the centre of symmetry at (3/8, 3/8, 3/8) or origin at A-site (43m symmetry group), also represented as u 43m . The oxygen parameter can be calculated from the known r A and r B values:
The following formula is used to convert the centre of symmetry from The values of u 43m , u 3m as well as experimental and calculated lattice constants are shown in Table 3 . It is obvious from Table 3 that both u values are slightly larger than the ideal values. But the variations are much lower in magnesium substituted samples. The theoretical and experimental lattice constants are in agreement and they show the same trend. The low values of a th are due to the possible formation of Fe 2+ ions in the samples and the estimation is based on Fe 3+ ions.
In view of the fact that magnesium is entering both sites at different concentrations, the same as the movement of Fe 3+ ions, it is quite possible to observe the changes in structural parameters, such as bond lengths, shared and unshared edges, etc.
The inter-ionic distances (bond lengths) at tetrahedral (R A ) and octahedral sites (R B ) were estimated using the following relations [7] :
where δ represents the deviation from oxygen parameter, δ = u -0.375.
The tetrahedral edge length R x , the shared octahedral length R x and the unshared octahedral edge R x of the present ferrites have been calculated using the following equations and they are presented in Table 4 :
The changes in tetrahedral and octahedral bond lengths are due to the substitution process. The incorporation of magnesium in place of nickel resulted in a small expansion of the tetrahedral site and a prominent expansion of the octahedral site. The expansion of tetrahedral site is observed in terms of mean ionic radius at the tetrahedral site r A , tetrahedral bond length R A and shared tetrahedral edge R x . This expansion of sublattices was attributed to the movement of oxygen ions without changing the structure symmetry. The increase in R B , R x and R x are explained on the basis of oxygen positional parameter 'u'. Since the 'u' value is slightly decreasing with an increase in magnesium concentration, the structure becomes slowly close to an ideal case, oxygen ions are moving towards tetrahedral coordinated cations along 1 1 1 direction. This anion dilation happens with the variation in u but this has no effect on the symmetry of the tetrahedra, while the symmetry of octahedra is affected. The change of sublattice symmetries is reflected in bond angles. Since the strength/magnitude of super-exchange interactions is directly proportional to bond angles and inversely proportional to bond lengths, it is necessary to mention the variations in these parameters with composition. The changes in lattice constant and oxygen parameter can be expressed in terms of cation-cation and cation-anion bond lengths and bond angles.
The cation-cation (Me-Me) and cation-anion (Me-O) bond distances are estimated using the following relations [13] :
The estimated values of the bond lengths are shown in Table 5 .
From Table 5 , a minute increase in cation-cation bond distances from x = 0 to x = 0.2 is observed. This is a result of larger magnesium incorporation into the octahedral site by replacing smaller nickel, which causes the lattice to expand. Similarly, all anion-cation distances increased due to the expansion of the lattice and little displacement of the oxygen ions. Among all cation-cation bond distances, 'b' values are comparatively small, because there Table 4 . The values of tetrahedral edge length R x , shared octahedral length R x , unshared octahedral edge R x , tetrahedral bond length R A and octahedral bond length R B for different magnesium concentrations (x). are no intervening anions to obstruct the neighbouring cations.
The angles between these interionic distances (bond angles) were estimated using the simple trigonometric formulae [13] :
The estimated bond angles are shown in Table 6 .
From Table 6 , it is clear that there are deviations from the ideal bond angles, observed in all angles. But the magnesium substitution produced slight variations in the bond angle with the increase in magnesium concentration, showing that there is not much alteration in the alignment of the cations present in the lattice sites. Altogether, the mentioned structural parameters have some slight deviations compared to reported values [7, 18] , showing that the magnesium substitution process affected the spinel structure of the present ferrite system. Among all magnesium substituted samples, the composition x = 0.12 showed insignificant variation when compared to successive samples.
Dielectric studies
In general, ferrites are insulators. But in most of ferrites, conducting nature is observed due to some defects in manufacturing conditions. For instance, sintering in air atmosphere and at high temperatures causes a risk of some cations escape in a form of oxides, which may result in creation of vacancies in interstitial sites of the unit cell. Thus, the ratio of oxygen anions to the cations may not be equal, which then results in conduction properties.
The observed variations in dielectric constant of ferrites are largely due to space charge polarization which is produced due to the presence of higher conductivity phases (grains) surrounded by the grain boundaries, producing a local accumulation of charges under the influence of an applied electric field. The interfaces could be grain boundaries, intra-granular pores or voids which act as scattering centers for electrons. At lower frequencies, high resistive grain boundaries play a major role, whilst at higher frequencies the conductive grains are more effective [19] .
The dielectric behavior of ferrites could be explained on the basis of dielectric polarization in ferrites, which is similar to that of Verwey's conduction mechanism. Many researchers studied and established a strong correlation between conduction mechanism and dielectric constant of ferrites [20] . Ferrites have high dielectric constants at room temperature and at low frequency. The high dielectric constants can also be explained by a closepacked oxygen ion network. Because of the excess charge present on the oxygen ions, it may easily get disturbed by the applied field. Furthermore, in the close-packed network of ions, the number of polarized ions per unit volume is high, especially when Fe 2+ ions are created. Thus, when electric field 'E' is applied, high polarization is achieved and high dielectric constants are observed as a consequence. In the present series of samples, large dielectric constants have been recorded, which are characteristic of bulk ferrites and they are in match with the reported values of similar ferrite systems [13, 21] .
The variation of dielectric constant and loss factor at a frequency 1 kHz is shown in Fig. 3 . The observed variation in the dielectric constant with magnesium concentration could be explained on the basis of local displacement of charge carriers in presence of external electric field and octahedral (B) site occupancy of magnesium ions. In the present system of ferrites, there are two possible conduction mechanisms, electron hopping between Fe 3+ ⇐⇒ Fe 2+ as well as hole hopping between Ni 3+ and Ni 2+ ions. When nickel containing ferrite systems are sintered and cooled in air atmosphere, a noticeable amount of oxygen is absorbed, giving rise to the formation of Ni 3+ ions. In oxygen rich region, conduction takes place through Ni 2+ ⇐⇒ Ni 3+ mechanism. In oxygen deficient regions, conduction takes place through electron hopping mechanism between Fe 3+ ⇐⇒ Fe 2+ . At lower magnesium concentrations (since magnesium is replacing nickel at B-sites), larger number of Fe 3+ ions are present in B-sites and there is a possibility of electron exchange between Fe 2+ ⇐⇒ Fe 3+ due to zinc volatilization [20] . This can also be attributed to the substitution of low resistive magnesium (43.9 nΩ·m) in place of high resistive nickel (69.3 nΩ·m), which decreases the total resistivity or increases the conductivity of the ferrite system. Thus, the charge carriers experience drift caused by the applied field and leading to dielectric polarization, which is clearly displayed in the dielectric constant, especially at x = 0.12. At higher magnesium concentrations, the motion of electrons is obstructed by magnesium ions in B-sites and less amount of Ni 2+ ions available at octahedral sites. Thus, as the electron exchange cannot follow the field causes a decrease of dielectric constant. The increase of hopping length between cations in octahedral sites (b) is also responsible for the decline in dielectric constant. Similar behavior is observed in dielectric loss factor too.
Conclusion
Magnesium substituted Ni-Zn ferrite system was prepared by conventional solid state reaction route and the cation distribution was given on the basis of comparing theoretical and experimental intensity ratios. The proposed cation distribution showed that 95 % of magnesium occupy octahedral sites. The magnesium substitution process caused a slight deviation from the spinel structure, which resulted in some changes in structural parameters, such as mean radii of tetrahedral and octahedral sites, bond lengths, shared and unshared edges in the unit cell and bond angles. The dielectric data were explained by dielectric polarization based on electron hopping conduction mechanism at octahedral sites. Dielectric constant increased up to x = 0.12 then decreased subsequently. The highest dielectric constant was observed at x = 0.12 due to the presence of Fe 2+ ions. Dielectric loss also followed the same trend.
